Informed consent statement: Patients provided informed consent to receive the specific treatment. In the present study the analysis used anonymous clinical data that were obtained after each patient agreed to treatment by written consent.
METHODS
Bone morphogenetic proteins (BMPs) promote bone formation by autoinduction. Recombinant human BMP7 in combination with bone grafts was used in 84 patients for the treatment of long bone nonunions. All patients were evaluated radiographicaly for the development of heterotopic ossification during the standard assessment for the nonunion healing. In all patients (80.9%) with radiographic signs of heterotopic ossification, a CT scan was performed. Nonunion site palpation and ROM evaluation of the adjacent joints were also carried out. Factors related to the patient (age, gender), the nonunion (location, size, chronicity, number of previous procedures, infection, surrounding tissues condition) and the surgical procedure (graft and fixation type, amount of rhBMP-7) were correlated with the development of heterotopic ossification and statistical analysis with Pearsons χ 2 test was performed.
RESULTS
Eighty point nine percent of the nonunions treated with rhBMP7, healed with no need for further procedures. Heterotopic bone formation occurred in 15 of 84 patients (17.8%) and it was apparent in the routine radiologi cal evaluation of the nonunion site, in a mean time of 5.5 mo after the rhBMP7 application (range 312). The heterotopic ossification was located at the femur in 8 cases, at the tibia in 6, and at the humerus in οne patient. In 4 patients a palpable mass was present and only in one patient, with a paraarticular knee nonunion treated with rhBMP-7, the size of heterotopic ossification affected the knee range of motion. All the patients with heterotopic ossification were male. Statistical analysis proved that patient's gender was the only important factor for the development of heterotopic ossification (P = 0.007).
CONCLUSION
Heterotopic ossification after the use of rhBMP7 in nonunions was common but it did not compromise the final clinical outcome in most cases, and affected only male patients.
Core tip: Bone morphogenetic proteins are identified as factors promoting osteogenesis. In this study an attempt was made to estimate the rate of heterotopic bone formation in patients with long bone nonunions treated with recombinant human bone morphogenetic protein7 (rhBMP7), and to identify predisposing factors, related to the patient, the nonunion characteristics, and the surgical procedure. Eighteen percent of the patients developed heterotopic ossification on the radiographs, without functional limitations. All patients that deve loped heterotopic ossification were male. This rate of heterotopic ossification after rhBMP7 use for the treatment of long bone nonunions is higher than the rates reported in literature.
INTRODUCTION
Heterotopic ossification is commonly complicating orthopaedic procedures and trauma but its highest incidence occurs after brain injuries. The hip, the elbow, and the knee are the most commonly affected joints after muscle damage, intramuscular hematoma and brain trauma [1] [2] [3] [4] [5] [6] [7] . Depending on the site and the location of the heterotopic bone, it may interfere with muscle and tendon function and limit the range of joint motion [3, 4] . In experimental models, heterotopic bone is induced after implantation of bone marrow cells in muscle or in the peritoneal cavity [7] and allo-transplatation of demineralized bone matrix [8] . The later is linked to the activity of Bone Morphogenetic Proteins (BMPs) as factors promoting osteogenesis by auto-induction in extra-skeletal sites, as described by Urist et al [8] .
Since their identification BMPs have been isolated and experimentally applied in several preclinical models. Recombinant (rh) forms are available for two of the BMPs (rhBMP-2 and rhBMP-7), and have been licensed by the american food and drug administration for clinical use in tibia nonunions (rhBMP-7) [9] [10] [11] , and acute tibia fractures (rhBMP-2) [12, 13] . Although the formation of heterotopic bone after the rhBMPs application in experimental animal models is well known [14] , only a few reports confirm these findings in the clinical practice.
The aim of our study is to describe the development of heterotopic ossification in a series of 84 patients with long bone nonunions treated with bone graft and rhBMP-7, and to identify risk factors related to the patient, the nonunion and the surgical procedure.
MATERIALS AND METHODS
Eighty-four patients (60 men and 24 women), with long bone nonunions treated with the combination of bone grafts and rhBMP-7 (Osigraft, Stryker Pharmaceutical) between 2004 and 2008 [15] were evaluated for the development of heterotopic ossification. Nonunions were located in the upper (13) and lower (71) extremity and all patients had undergone at least one previous failed procedure for the treatment of the nonunion. The product used consisted of 3.3 mg of lyophilized rhBMP-7 combined with 6.7 mg of type I bovine collagen. The standard surgical procedure consisted of debridement of the nonunion site till normal viable bone margins. RhBMP-7 was applied mixed with bone grafts [15] . After rhBMP-7 implantation, irrigation was avoided, so as to prevent product leakage at the surrounding tissues.
Ηeterotopic ossification was diagnosed as a delayed postoperative complication, during the standard postoperative radiographic evaluation for the assessment of healing of the nonunion. The efficacy of rhBMP-7 on the treatment of long bone nonunions, in this series of patients, has already been published in a previous study [15] . In all patients with apparent signs of heterotopic bone formation on the radiographs, a quantitative computed tomography (Q-CT) and 3D-CT reconstruction (employing Osirix software) were obtained to confirm the diagnosis. The patients with heterotopic ossification were additionally evaluated clinically by palpation and examination of the range of motion of the adjacent joints.
Factors related to the patient (age, gender), the nonunion (location, size, chronicity, number of previous failed procedures, presence of infection, and condition of the surrounding soft tissues) and the type of the index surgical procedure (type of graft and amount of rhBMP-7 used), were also analyzed and correlated with the presence of heterotopic ossification.
Statistical analysis was performed with the Pearson 
RESULTS
Heterotopic bone formation was diagnosed as a delayed complication within the first postoperative year in 15 patients (17.8%) (Figures 1-3 ). All patients were male ( Figure 4 ) and the mean time to heterotopic ossification radiographic appearance was 5.5 mo (3 to 12 mo) after the index procedure. The heterotopic ossification was located at the lower extremity in 14 cases, 6 of them at the tibia and in 8 at the femur. In one case heterotopic ossification developed in a patient with a humeral nonunion. The ectopic bone was palpable in 4 patients, but only one had a limitation of the range of motion after the treatment of a para-articular distal femoral nonunion. This patient developed a significant restriction of flexion and extension of the knee joint ( Figure 3) . The results were presented with the use of means and standard deviations or counts and percentages, where appropriate. The effect of categorical variables on the main outcome was examined with the use of the χ Statistical analysis with the use of χ 2 test, proved that patient's gender was the only factor significantly correlating with the development of heterotopic ossification with statistical significance (P = 0.007) ( Table 1 and Figure 4) , while no other parameter had any effect on the development of this complication. The logistic regression model which was used, under Firth's correction, did not show any parameter significantly affecting heterotopic bone formation, probably due to the small number of patients who developed this complication (Table 1) .
DISCUSSION
The incidence of heterotopic bone formation in this series is relatively high (17.8%), but in the majority of cases (14 of 15) it did not compromise the functional outcome of the limb. This high incidence may be attributed to the preexisting muscle trauma and extensive excision of the scar at the site of rhBMP-7 application, as these patients had undergone several operations prior to the index procedure. It has been demonstrated that repeated blunt trauma in the extremities, may induce degenerative changes in the muscle predisposing to ectopic bone formation [3, 7, 16] . The development of heterotopic ossification has been studied in several experimental models, however the exact pathophysiology of this process has not been completely elucidated. According to the rhBMP-7 commercial product's safety database, the rate of undesirable effects (erythema, tenderness swelling and ectopic ossification) ranges from 1% to 10% [17] . Male gender significantly influenced the appearance of heterotopic bone. In a study evaluating the osteogenic capacity of mice skeletal muscle-derived stem cells (MDSCs), the male MDSCs revealed significantly greater ALP activity and expression of osteogenic genes when stimulated with rhBMP-4 in vitro. In addition, the implantation of these cells into intramuscular pockets in the mice led to more bone formation in the male mice compared to the female regardless of the implanted cells gender [18] . In a recent study in mice with cranial defect treated with MDSCs after transduction with a retrovirus encoding BMP-4, male mice demonstrated more rapid bone formation and larger volumes of ectopic bone than female [19] . These findings suggest a specific effect of the gender in the heterotopic ossification development.
The potential of mesenchymal progenitor cells to differentiate into osteoprogenitor cells in muscles, has been shown in animal models [20] [21] [22] . In a resent in vitro study human skeletal muscle-derived progenitor cells have been isolated and characterized for their osteogenic properties indicating a potential effect on heterotopic bone formatio [23] . osteoprogenitor cells under the stimulation of bone morphogenetic proteins in mice [21] . The role of BMPs in the heterotopic bone formation has also been elucidated in the fibrodysplasia ossificans progressiva, where BMPs were found to promote muscle mesenchymal stem cells differentiation in preosteoblasts and osteoblasts [24] . Since 2001, when the use of rhBMP-7 was approved by the American Food and Drug Administration and the European Medicines Agency (European Marketing Authorization Number: EU/1/01/179/001) for the treatment of tibia nonunions, its use was extended to skeletal nonunions and spinal fusions with successful outcomes presented in several series [25] [26] [27] . Although rhBMP-7 has been widely used in the clinical practice, only few cases of heterotopic bone formation were reported in the literature after 2006. A case of myositis ossificans in a 49-year old woman, who underwent L4-L5 decompression and fusion with the use of rhBMP-7 was presented by Bennet et al [28] . The first case of heterotopic ossification in a long bone (distal humerus nonunion) after the use of rhBMP-7 was reported by Wysocki et al [29] . The patient gradually developed elbow stiffness from an extensive heterotopic ossification in the triceps muscle. Another small series of four patients that developed heterotopic ossification after the use of rhBMP-7 (3 patients) and rhBMP-2 (one patient) for the treatment of acute fractures or nonunions of the humerus was presented by Axelrad et al [30] . All patients had painful restriction of motion and underwent surgical excision of the heterotopic bone with good postoperative outcome. Heterotopic ossification after the use of rhBMP-7 for the treatment of femoral head osteonecrosis was also reported. In this case, it series the majority of patients developed heterotopic ossification at the lateral surface of the femur around the entry point of core decompression and fibula insertion, which, however, did not affect the range of motion [31] . The main limitation of this study is the lack of a control group of patients who did not received rhBMP-7. As all patients had several previous unsuccessful surgical procedures, the treating physicians decided to use all available means to treat the nonunions and considered unethical the deprivation of rhBMP-7 in the patients of a control group.
In conclusion, heterotopic ossification following the use of rhBMP-7 for the treatment of long bone nonunions was a relatively common complication. Also, a positive correlation between the male gender and the development of this side effect was found. Careful observation of postoperative radiographs may increase the reported heterotopic ossification rates in the literature as the majority of cases lack clinical relevance.
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Background
Bone morphogenetic proteins (BMPs) have been identified as factors promoting osteogenesis by auto-induction in extra-skeletal sites. In the recent years they have been used in the treatment of long bone nonunions in combination with bone grafts. In this study, the rate of heterotopic ossification occurring after the use of commercially available recombinant human bone morphogenetic protein-7 (rhBMP-7) for the treatment of long bone nonunions was estimated. In addition, the correlation between the development of heterotopic ossification and factors related to the patient (age, gender), the nonunion (location, size, chronicity, previous procedures, infection, surrounding tissues condition), and the surgical procedure (graft type, amount of rhBMP-7) was evaluated.
Research frontiers
BMPs and especially rhBMP-2 and rhBMP-7 have been used in several clinical studies but there are only few reported data related to the complications related to their use.
Innovations and breakthroughs
In this study, heterotopic ossification was a relatively common complication of the use of rhBMP-7, with higher rates than the ones reported in literature. In addition, a significant correlation between patient's gender and the development of this complication was found.
Applications
This study suggests that heterotopic ossification is a relatively common complication after the use of rhBMP-7 for the treatment on nonunions, related significantly with patient's gender. Although not clinically significant in the majority of cases, this complication should be acknowledged to the patients, especially the male, before rhBMP-7 use. 
Peer-review
The rate of heterotopic ossification after the use of rhBMP-7 was higher in the present series than the rates reported in the literature and a significant correlation between male gender and the development of this complication was found. The lack of any clinical relevance of this complication in the vast majority of cases may be the reason of the low reported rates up to now. Thus, careful evaluation of postoperative radiographs may increase the reported rates.
